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We design and characterize spherical gold nanoparticles, which are covalently linked to and com-
pletely covered by 310-helical peptides. These helices provide a scaffold to place
13C=O isotope
labels at defined distances from the gold surface, which we employ as local thermometers. Probing
these reporter groups with transient infrared spectroscopy, we monitor the vibrational energy flow
across the peptide capping layer following excitation of the nanoparticle plasmon resonance.
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Plasmonically heated gold nanoparticles have found
numerous therapeutic applications in the life sciences [1].
For example, in hyperthermal therapy of cancer plasmon-
ically heated gold nanoparticles are used for the localized
deposition of heat into human cancer tissue resulting in
irreversible thermal cellular destruction [2–5]. Further-
more, drug delivery from nanoparticles can be optically
activated; illumination of nanoparticles at their plasmon
resonance frequency causes the particles to transfer heat
to their local environment triggering the release of pay-
load molecules attached to the surface [6–10].
These practical applications, many of them relying on
laser excitation of a surface plasmon, require a better un-
derstanding of how heat is transported over a specifically
designed biocompatible capping layer. Time-resolved
visible pump/visible probe spectroscopy is commonly
used to determine the cooling times of plasmonically
excited nanoparticles and derive the thermal conduc-
tance of the metal/capping layer/solvent interface [11–
14]. These experiments observe the heating and cooling
of the nanoparticle itself by probing the plasmon bands
of the nanoparticle metal core. However, important in-
formation missing from visible pump/probe experiments
are the rates and efficiencies of energy flow into and out
of the capping layer.
To gain more insight into the actual energy transport
processes through capping layers we apply an experimen-
tal concept we have recently introduced to study vibra-
tional energy transport along single peptide helices [15].
When vibrational energy is locally deposited at one end
of a peptide the subsequent energy flow through the he-
lix can be detected by using C=O groups in the pep-
tide backbone as local “thermometers”. To reach site-
selectivity, certain carbonyl vibrations are singled out
from the main amide I band by 13C=O isotope label-
ing. Placing the isotope label at different positions in
the helix, we can measure the local temperature at vari-
ous distances from the heat source as a function of time
(for further details see Refs. [15–18]).
We synthesized spherical gold nanoparticles, which
are covalently linked to and completely covered by he-
lical peptides. In designing those nanoparticles we were
guided by the following considerations: we chose very
small gold nanoparticles (diameter about 1-2 nm) as they
have a more favorable surface/volume (i.e., peptide/gold)
ratio allowing sufficient IR absorbance from the capping
layer to be obtained without the sample becoming opaque
in the visible. Furthermore, to achieve a rigid capping
layer we used 310-helical peptides, which are known to
form exceptionally stable structures, enabling us to place
thermometers at fixed distances from the metal surface
(Fig. 1a). Excess energy is deposited into the system by
exciting the plasmon resonance of the gold nanoparticles
with laser pulses in the visible region and the peptide cap-
ping layer is studied with femtosecond infrared (IR) spec-
troscopy. In a similar manner, vibrational sum-frequency
generation from molecular chains on a bulk gold surface
has been studied by Dlott and coworkers [19, 20]. Also
2-dimensional IR spectroscopy is a versatile tool to study
energy transport processes [21, 22].
The two capping agents used in this study are the oc-
tapeptides Trt-S-(CH2)2-O-CO-Aib-l-Ala*-(Aib)6-OMe
(peptide 1) and Trt-S-(CH2)2-O-CO-(Aib)3-l-Ala*-
(Aib)4-OMe (peptide 2), where Aib stands for α-
aminoisobutyric acid and an asterisk (*) indicates a
13C=O label. As in our previous studies [15–18] the iso-
tope labels are placed by incorporating 13C-l-Ala, since
this amino acid is readily available commercially and
does not destabilize the 310-helix significantly. An ure-
thane moiety was inserted between the linking group and
the actual peptide to have an intrinsically spectrally re-
solved C=O group at the beginning of the helical chain.
The synthesis of the terminally protected, linear octapep-
tides 1 and 2 was performed step-by-step by solution
methods. Details on the peptide synthesis and charac-
terization may be found in the Supporting Information.
In a general procedure for the preparation of the pro-
tected gold nanocluster [23], peptide 1 (or peptide 2)
and HAuCl4 (3:1 molar ratio) were combined in a 7:3
methanol/water solvent mixture. The resulting mixture
was allowed to stand for 1 h. Then, 10 equivalents of
NaBH4 were added and the suspension was stirred at
room temperature for 5 h. The product was precipitated
by adding 2 vol. of Et2O, pelleted at top speed in a cen-
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FIG. 1: (a) Cartoon structure of the peptide capped nanopar-
ticles. The labels indicate the positions of the different C=O
thermometers in the capping layer relative to the gold core
at the N-terminus. In peptide 1, the 13C=O labeled Ala is
situated at site #3; in peptide 2, the label is placed at site
#5. (b) FTIR and UV/Vis (inset) spectra in acetonitrile-d3
recorded for nanoparticles 1 (black) and 2 (red) at equal ef-
fective peptide concentration. The spectrally resolved C=O
bands are labeled according to their positions in the peptide
chain as shown above. In the UV/Vis spectra the plasmon
resonance appearing around 520 nm is more pronounced for
nanoparticle 2 due to the bigger diameter of its gold core.
trifuge, resuspended in 70% Et2O/EtOH, pelleted again,
and dried overnight at room temperature. Details of the
protected gold nanoparticle synthesis may be found in
the Supporting Information.
The terminally protected -(Aib)8- sequence is well
known to be folded in a fully developed 310-helical struc-
ture in chloroform solution [24]. We examined the pre-
ferred conformation of the two octapeptides 1 and 2 that
we used as capping ligands for the gold nanoparticles.
To validate that the 310-helical structure is maintained
in structure-supporting solvents (chloroform and 2,2,2-
trifluoroethanol), FTIR absorption, 1H NMR, and CD
techniques have been applied. The FTIR absorption
spectra in the N−H stretching region of the two pep-
tides in CDCl3 solution (SI, Fig. 3) are similar, showing
a weak band at ≈3430 cm−1 (free N−H groups) [24] and
a very intense band near 3328 cm−1 (hydrogen bonded
N−H groups). Because a change in peptide concentration
(from 1.0 mM to 0.1 mM) does not significantly mod-
ify the spectra, most of the observed hydrogen bonding
can be safely assigned to the intramolecular type. The
ratios of the integrated intensity of the band of hydro-
gen bonded N−H groups to that of free N−H groups for
the two peptides are in accordance with previously re-
ported results for the 310-helical -(Aib)8- peptide [24].
The results of the 1H NMR titrations in CDCl3 solution
upon addition of the hydrogen bonding acceptor solvent
dimethylsulphoxide (SI, Figs. 1 and 2) clearly indicate
that two NH protons for each octapeptide are exposed to
the solvent, whereas the remaining six NH protons are
solvent protected because of intramolecular C=O...H−N
hydrogen bonding. One of these NH protons (that at
highest field) is assigned to the N-terminal N(1)H proton
by virtue of its urethane character [24]. In peptide 1, the
second solvent exposed NH proton is easily attributed
to Ala* at position 2 on the basis of its different mul-
tiplicity. These 1H NMR properties are those expected
for peptides adopting a regular 310-helical structure [24].
The far-UV CD spectra of peptides 1 and 2 in 2,2,2-
trifluoroethanol solution are reported in SI, Fig. 4. The
positions of the two negative Cotton effects (205 nm, very
strong, and 225 nm, weak) and the ratio of their elliptici-
ties, θ225/θ205 (0.25) are those typical for a right-handed
310-helix [25].
A TEM analysis was employed to determine the av-
erage gold nanoparticle core size. Similar to a previous
report [26], we found that for the peptide 1/HAuCl4 3:1
molar ratio preparations at room temperature the aver-
age gold nanoparticle core size is 1.2 nm (d, diameter)
(Fig. 2a). In accordance with the same report, we pro-
pose an average gold nanoparticle formula of Au38Pept18.
A bigger gold nanoparticle core size, 2.1 nm (d), was in-
stead observed for the peptide 2/HAuCl4 3:1 molar ratio
preparations (Fig. 2b). In this case, we propose an aver-
age gold nanoparticle formula of Au225Pept68 [26].
Dynamic light scattering was used to assess the aver-
age gold nanoparticle spherical size, including the cap-
ping layer. The results showed that d is 5.3 nm for gold
nanoparticle 1 (Fig. 2c) and 6.2 nm for 2 (Fig. 2d). Based
on a similar 310-helical peptide, the 3D-structure of which
was solved by X-ray diffraction [15], if we assume a≈2 nm
length for both peptides, and we add twice this value to
the gold core size data obtained from the TEM analy-
sis, the experimental values from light scattering are well
matched. Even though the light scattering from the gold
core and that of the capping layer are different, and the
effect of both are not just additive, this qualitative anal-
ysis shows at least that we can modulate rather precisely
the dimensions of the bulk spherical nanoparticles (gold
core with capping ligand molecules) by an appropriate
choice of the peptide ligand.
As an independent approach to further confirm the
different core size observed by the TEM and light scat-
tering measurements, we separated the two types of gold
nanoparticles using reverse-phase HPLC (Fig. 2e). De-
tails of the reverse-phase HPLC method may be found in
the Supporting Information.
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FIG. 2: Size characterization of the peptide capped gold
nanoparticles: TEM images of the metallic cores (a) 1 and
(b) 2, the insets showing histograms of the corresponding
distribution of core size. Light scattering data obtained for
nanoparticles (c) 1 and (d) 2 in methanol solution. (e) HPLC
profiles of nanoparticles 1 and 2 and of their co-eluted mix-
ture (3).
Fig. 1b shows the FTIR and UV/Vis (inset) absorp-
tion spectra of the peptide-covered gold nanoparticles 1
(black) and 2 (red) measured at equal effective peptide
concentration of about 10 mM in acetonitrile-d3. The
observed bands in the amide I region can be assigned as
described in Refs. [15, 16, 18]: The intense main band
at 1660 cm−1 consists of all equivalent peptide C=O
groups in the helix (six in total). The isotope labeled
13C=O peptide band (C=O #3 in 1, C=O #5 in 2) ap-
pears red-shifted with respect to the main band at about
1620 cm−1. The bands at 1700 cm−1 and 1739 cm−1 be-
long to the two chemically different C=O groups, which
are the urethane moiety close to the heated gold nanopar-
ticles at the N-terminus (C=O #1) and the ester group
of the C-terminal Aib residue (C=O #9), the former not
being completely spectrally resolved. In the correspond-
ing UV/Vis spectra the plasmon resonance of the gold
nanoparticles appears around 520 nm. Due to the bigger
metal core diameter of 2 its plasmon resonance is more
distinct than the corresponding feature of 1. An addi-
tional size-related effect leading to the increased UV/Vis
absorbance of 2 is its lower surface/volume ratio: as a
result a higher absolute particle concentration is needed
to reach the same effective peptide concentration.
The time-resolved Vis pump/IR probe spectra
recorded in the C=O stretching region are displayed in
Fig. 3a and 3b (a linear baseline determined from the
edges of the spectral window was subtracted from all
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FIG. 3: Time-resolved spectroscopy: Transient IR spectra
in the C=O stretching region for (a) 1 and (b) 2 recorded
at various delay times (black, 1.5 ps; red, 3.0 ps; blue, 9 ps;
green 15.0 ps; orange 20.0 ps; purple 400.0 ps) after excitation
of the gold nanoparticles. (c) Time dependence of the bleach
intensity of the main bands of 1 (black) and 2 (red) with
opposite sign as in (a) and (b), the inset shows the data at
early times. Second derivatives of the bleaches of sites (d)
#1, #3 and #9 (measured in 1) and (f) #1, #5 and #9
(measured in 2). The C=O bands are labeled as in Fig. 1.
(e) Transient Vis spectra of the plasmon band at 520 nm of
1 (black) and 2 (red, offset 0.5 for better visibility).
spectra to remove the contribution of free electrons in
the metal core appearing at early times). Subsequent to
excitation of the gold nanoparticles at 520 nm, all C=O
modes exhibit red shifts, which are due to anharmonic
coupling of the spectator modes to thermally excited
lower frequency modes [27]. Since the resulting (nega-
tive) bleach signal is in general narrower than the anhar-
monically shifted (positive) hot band, we use the former
as a measure of the amount of vibrational energy in the
vicinity of the probe.
The main band at 1660 cm−1 shows the strongest
response since it sums over the six non-labeled pep-
tide C=O oscillators in the helices. The kinetics of the
main band bleaches of 1 and 2 are depicted in Fig. 3c
as cuts through the transient spectra at approximately
1660 cm−1. The two samples clearly show different tem-
poral responses: 1 rises and decays faster than 2 (its
peak appears at earlier delay time). Biexponential fits
reveal a rising time of 2.7 ps (4.4 ps) and a decay time
of 38.0 ps (54.5 ps) for 1 (2). We carefully verified that
the observed differences are not just effects of the differ-
ent absolute particle concentrations. Over a wide range
of concentrations measured (effective peptide concentra-
4tion varied from 1.25 mM to 20 mM, the corresponding
absolute particle concentrations are lower by an approx-
imate factor of 18 or 68, respectively) the observed dy-
namics do not change and also the amplitude ratios stay
constant, implying that we indeed observe an intra- and
not an intermolecular effect. Furthermore, the dynamics
change neither upon variation of the amount of deposited
energy (pump-intensity varied from 0.25 µJ to 1 µJ) or
off-resonant excitation of the gold nanoparticles (pump
wavelength changed to 400 nm). In this context it is
worth mentioning that due to the different core size and
UV/Vis absorbance of the samples their initial temper-
atures after plasmon band heating might be different.
However, in a recent paper [18] we studied vibrational
energy transport along single peptides after high- and
low-energy excitation finding that the vibrational energy
diffusion on the given length and time scales remains lin-
ear over a wide range of initial temperatures. Therefore,
the amount of energy that is initially deposited into the
system does not influence the transport or cooling rates
in the capping layer. Hence, we can conclude that the
observed properties are inherent features given by the
geometry of the nanoparticle samples; the capping layers
over the smaller nanoparticles cool faster.
To study the kinetics of the spectrally resolved C=O
bands, the second derivatives of the time-resolved spectra
were taken to increase the spectral resolution and to cor-
rect for offsets. The resulting bleach kinetics of 1 and 2
are depicted separately in Figs. 3d and 3f. To account for
the effect of spectral congestion of the urethane band (be-
longing to C=O #1), the corresponding data were scaled
up to match the long-time cooling dynamics of the other
sites of the same sample. The sequential appearance of
the maxima shows the propagation of vibrational energy
along the helices: the farther a reporter unit is away from
the heated gold core, the later the vibrational energy ar-
rives and its amount is diminished. The solid lines are
multiexponential fits (i.e., tri-exponential in case of site
#1 and bi-exponential for the others) to the experimen-
tal data. For site #1 a rise time of 1.1 ps and a fast
decay component of 3.5 ps are consistently found for the
measurements in both samples. The long-time cooling
dynamics, however, are again different for both particles.
The observed decay times agree with those measured for
the corresponding main bands, i.e. about 40 ps for #1,
#3 and #9 in 1 (Fig. 3d) and 50 ps for #1, #5 and
#9 in 2 (Fig. 3f). Since the different cooling times influ-
ence the points in time where the kinetic traces peak, the
measurements from the two samples cannot be directly
compared. Still, the propagation effect becomes clear
by comparing the reporter units within the same sample
whose responses peak delayed with a time-lag increasing
with distance from the gold core. In sample 1 the rise
times of the different thermometer sites are (1.1±0.1) ps
(#1), (2.5±0.1) ps (#3) and (5.4±0.7) ps (#9), in sam-
ple 2 the rise times (1.1±0.1) ps (#1), (4.7±0.2) ps (#5)
and (7.7±0.6) ps (#9) are found.
To relate the response of the capping layer to that of
the gold core we additionally applied visible pump/probe
spectroscopy as described in Ref. [28]. The nanoparticles
were excited at 400 nm and a filtered white-light probe
was used to measure the response at the maximum of
the gold plasmon band, where the effect of the electronic
temperature dominates [28]. The relaxation times are
(1.4±0.2) ps for both samples (Fig. 3e), the contributions
of electron-phonon and phonon-phonon coupling cannot
be distinguished for such small particles [28].
We find, consistently for both samples, that the time
it takes for a heat signal to appear at the reporter group
nearest to the gold surface (site #1) is about 1 ps. In
agreement with the visible pump/probe data we can at-
tribute this rise time to the thermalization time of the
gold metal core. The fast decay component of 3.5 ps is
also equal in both samples and reflects the subsequent
cooling of site #1 into the following helical chain. At
long times the cooling behavior of the two samples is
different, the reason for which lies in the different sizes
of the nanoparticles. Since the packing efficiency is de-
creased for smaller particles [29], more solvent can pene-
trate into the capping layer accelerating the cooling pro-
cess. This observation is also consistent with our earlier
studies on single peptides dissolved in organic solvents (in
this case chloroform [15–18]) where we observed a much
faster cooling time constant of 7 ps. Single peptides can
be considered the limit of infinitely small nanoparticle
diameter. In this case energy is dissipated into the sol-
vent in all directions and, if the peptide concentration is
sufficiently low, does not affect other molecules [17]. In
contrast, energy dissipated from a peptide in the capping
layer can appear in the nearby neighbor ligand so that
the heat signal does not decay. The extreme case of this
situation would be the infinite diameter of a bulk gold
surface where, due to exclusion of solvent, the peptides
could only cool from their C-terminus.
We have studied vibrational energy flow through 310-
helical peptides after excitation with three distinctively
different ultrafast heaters: (i) by the ultrafast photo-
isomerization of an electronically excited azobenzene
moiety [15], (ii) by vibrational relaxation of C−D modes
of a Leu-d10 residue incorporated in the peptide sequence
[18], and here (iii) by ultrafast cooling of a surface plas-
mon of a small spherical gold nanoparticle attached to
the peptide. We find that the energy transport proper-
ties after the different excitation schemes are very simi-
lar. This result is also confirmed by a recent theoretical
study by Stock and coworkers comparing different exci-
tation schemes in an MD simulation [30]. The fact that
the transport rate does not depend on how exactly vi-
brational energy is deposited shows that it is not mode
selective, and hence, vibrational energy must be at least
partially randomized on the picosecond time scale. On
the other hand, in a recent simulation study [31] we found
that on the length scale of a few chemical bonds and the
time scale of some picoseconds, intra-site vibrational en-
ergy redistribution (IVR) is rate-limiting and slows down
the observed propagation speed. This means that vibra-
5tional energy within one site of the molecular chain is
not thermalized. Hence, vibrational energy is partially
randomized after either of the heating processes but not
to the extent that it adopts a Boltzmann distribution.
In summary, we have presented a new experimental
approach for measuring the heat flow across organic cap-
ping layers over metal nanoparticles, resulting in a more
complete characterization of the system after plasmon
excitation. Placing multiple reporter groups (13C=O
isotope labels and intrinsically spectrally resolved C=O
groups) in a fixed geometric arrangement over the metal
core we can use IR spectroscopy to access the process
of energy transport along the length of a capping lig-
and. With this technique we can measure the rates and
efficiencies of energy flow into and out of the capping
layer, an information which is relevant for optically acti-
vated drug delivery. The propagation of vibrational en-
ergy is demonstrated by the sequential response of the
C=O reporter groups in the capping layer. Moreover the
exponential kinetics indicate the diffusive nature of this
process. With the urethane group (site #1) we have an
internal standard, which lies very close (approximately
0.4 nm) to the gold metal core and responds immediately
to the deposited heat. Already at site #3, approximately
0.8 nm away from the metal surface, we observe a lag-
time and the amount of arriving vibrational energy has
considerably decreased. We find that the final equilibra-
tion of the capping layer is size-dependent; due to the
increased solvent penetration, capping layers applied to
small nanoparticles cool faster. However, while the over-
all cooling depends on the solvent penetration, which is
well-established [11–14], the fast heating of the capping
layer is only determined by its total heat capacity.
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